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Chromosomal translocations between antigen receptor loci and oncogenes are a hallmark 
of lymphoid cancers. Several new studies now reveal that programmed DNA breaks created 
during assembly of antigen receptor genes can be channeled into an alternative DNA end-
joining pathway that is implicated in the chromosomal translocations of lymphoid cancers 
(Corneo et al., 2007; Soulas-Sprauel et al., 2007; Yan et al., 2007).Antigen receptor genes are assem-
bled in developing B and T cells by 
a site-specific recombination reac-
tion referred to as V(D)J recombina-
tion. Mature B cells further diversify 
their immunoglobulin (Ig) genes by 
class-switch recombination (CSR) 
and somatic hypermutation. To main-
tain genomic stability during these 
reactions several double-strand 
break (DSB) repair pathways protect 
against aberrant chromosomal rear-
rangements, including homologous 
recombination and nonhomologous 
end-joining (NHEJ). A cluster of recent 
papers, two published in Nature and 
one in the Journal of Experimental 
Medicine, now show that a backup 
pathway for NHEJ functions in V(D)J 
and CSR (Corneo et al., 2007; Soulas-
Sprauel et al., 2007; Yan et al., 2007). 
This alternative end-joining pathway 
may also contribute to the chromo-
somal translocations that give rise to 
lymphoid cancers.
NHEJ joins DNA ends directly 
with no homology necessary (unlike 
homologous recombination) and is 
therefore prone to introduce errors 
during the processing of noncompat-
ible DNA ends. There appear to be two 
phases of NHEJ: a rapid phase, when 
most simple lesions are repaired, and 
a slower phase that resolves complex 
DSB lesions that require significant 
processing (Riballo et al., 2004). Sev-
eral lines of evidence also suggest 
that alternative and less well-defined 
backup end-joining pathways play an important role in physiological and 
pathological DSB repair. First, sub-
stantial end-joining occurs in response 
to γ-irradiation even in the absence of 
core NHEJ (C-NHEJ) factors, such as 
the DNA Ligase LIG4 and Ku (a sub-
unit of the DNA-dependent protein 
kinase) or proteins that aggregate on 
damaged chromatin (Riballo et al., 
2004; Wang et al., 2006) (Figure 1). 
Second, spontaneous chromosomal 
aberrations and oncogenic c-myc/IgH Cell 131, Octranslocations are observed even in 
the absence of Ku or the ligase com-
plex component XRCC4 (Jankovic et 
al., 2007). Third, rare aberrant V(D)J 
coding joins are found in lymphocytes 
lacking Ku and the DNA-dependent 
protein kinase catalytic subunit (Bogue 
et al., 1997). Finally, mice lacking either 
Ku or XRCC4, as well as the p53 tumor 
suppressor protein, invariably develop 
pro-B lymphomas that result from 
translocations between the IgH locus Figure 1. Classical and Alternative End-Joining Pathways
The core pathway for nonhomologous end-joining (C-NHEJ) relies on the DNA-dependent protein 
kinase subunits (DNA-PKcs and Ku), the Artemis endonuclease, and the XLF-XRCC4-LIG4 liga-
tion complex. Compatible ends are rapidly joined by the C-NHEJ machinery. In addition, a subset 
of lesions handled by C-NHEJ also requires factors—such as phosphorylated histone H2AX, 
ATM, 53BP1, and Nbs1—that aggregate into large chromatin domains surrounding the site of 
the double-strand break. Some ends may require ATM-dependent processing prior to ligation or 
require changes in chromatin structure that might facilitate access by C-NHEJ. Microhomology-
mediated joining uses components of other DNA repair pathways and may act as a backup or 
alternative pathway to classical end-joining (Corneo et al., 2007; Soulas-Sprauel et al., 2007; Yan 
et al., 2007). DSB repair assays in irradiated cell lines suggest that this form of repair is relatively 
slow and inefficient (Wang et al., 2006).tober 19, 2007 ©2007 Elsevier Inc. 223
and c-myc (Difilippantonio et al., 2002; 
Zhu et al., 2002). Three hallmark fea-
tures of the backup end-joining path-
way are that the repair junctions are 
characterized by deletions, insertions, 
and relatively large regions of micro-
homology.
Several recent papers from the Alt, 
Roth, and de Villartay laboratories now 
document the role of alternative end-
joining in intrachromosomal CSR and 
V(D)J recombination (Corneo et al., 
2007; Soulas-Sprauel et al., 2007; Yan 
et al., 2007). CSR is initiated by activa-
tion-induced cytidine deaminase (AID), 
which introduces U:G mismatches in 
switch region DNA. In G1 phase of the 
cell cycle these lesions are processed 
into DSBs (Petersen et al., 2001) by 
base excision or mismatch recogni-
tion pathways and repaired by NHEJ 
pathways, which require Ku. Recom-
bination between switch regions 
deletes intervening DNA and results 
in a switch from expression of IgM to 
expression of IgG, IgE, or IgA.
Given the requirement for Ku in CSR 
and the essential role of Ku in recruit-
ing XRCC4/LIG4 to sites of DSBs, loss 
of XRCC4/LIG4 should also severely 
compromise end-joining during CSR. 
However, this is not what was observed 
in XRCC4- or LIG4-deficient mice 
(Soulas-Sprauel et al., 2007; Yan et al., 
2007). Both groups report that switch-
ing was only reduced to 25%–50% of 
normal levels (although deletion was 
incomplete in the work of Soulas-
Sprauel et al.). Yan et al. also discovered 
that 20%–30% of XRCC4-deficient 
cells harbored IgH locus chromosome 
abnormalities, and that 25% of these 
abnormalities involved translocations. 
Thus, as in Ku80-deficient B cells 
(Ramiro et al., 2006), antigen receptor-
associated translocations form in the 
absence of the XRCC4-LIG4 complex 
(Yan et al., 2007), suggesting that alter-
native NHEJ pathways mediate their 
formation.
Examination of the switch recombi-
nation junctions unveiled an additional 
surprise. Almost all of the junctions in 
XRCC4-deficient B cells examined by 
Yan et al. were mediated by regions 
of microhomology and were biased 
toward long stretches of homology. 
Likewise, all of the 33 CSR junctions 224 Cell 131, October 19, 2007 ©2007 Eexamined so far in LIG4-deficient 
mature B cells involve microhomol-
ogy-mediated joining (C. Boboila, C. 
Yan, and F.W. Alt., personal commu-
nication), and an increase in homology 
at switch junctions was also found in 
patients with deficiency in LIG4 activ-
ity (Pan-Hammarstrom et al., 2005). 
Thus, in the absence of XRCC4-LIG4, 
alternative NHEJ efficiently resolves 
AID-dependent DSBs both by intrach-
romosomal CSR or interchromosomal 
fusion. In striking contrast, CSR-asso-
ciated DSBs in Ku-deficient cells are 
not channeled efficiently into intrac-
hromosomal joins, although they are 
substrates for translocations (Ramiro 
et al., 2006). One possibility is that 
absence of Ku80 leads to a hypersen-
sitive DNA damage checkpoint that 
rapidly eliminates most cells before 
they have an opportunity to join into an 
intrachromosomal switch. An alterna-
tive possibility is that Ku has an addi-
tional function in bringing together 
distal CSR regions in preparation for 
end-joining, or that there are multiple 
alternative end-joining pathways, only 
some of which are dependent on Ku.
Unlike CSR, all of the known compo-
nents of the classical NHEJ pathway are 
essential for V(D)J recombination. This 
reaction is initiated by RAG proteins, 
which introduce nicks in recombina-
tion signal sequences that flank anti-
gen receptor gene segments. The RAG 
synaptic complex converts the nicks 
to DSBs via trans-esterification, and 
recombination results in the deletion or 
inversion of intervening DNA. In a com-
plementary study on V(D)J recombina-
tion, Roth and colleagues showed that 
the RAG proteins actively guide DNA 
breaks into the classical NHEJ pathway 
(Corneo et al., 2007). They discovered 
mutations in RAG1 and RAG2 that did 
not impair DSB cleavage of recombina-
tion substrates in vitro but resulted in 
robust microhomology-mediated join-
ing in cell lines. This work indicates that 
one of the functions of the postcleavage 
complex is to prevent RAG-dependent 
breaks from accessing the backup 
pathway for NHEJ. Alternatively, there 
may be direct interactions between 
the postcleavage complex and classi-
cal NHEJ factors, or RAG-dependent 
activities might regulate chromatin lsevier Inc.structure in a manner that facilitates 
the recruitment of classical end-joining 
proteins. Future work examining the in 
vivo consequences of these aberrant 
joining events with respect to assembly 
of antigen receptor genes, transloca-
tions, and the formation of lymphomas 
will be of great interest.
The alternative end-joining mecha-
nisms involved in translocation, CSR, 
and V(D)J recombination have not 
been identified, but the process likely 
includes substantial degradation of 
the ends by exonucleases to produce 
single-strand tails, a homology search, 
and excision of nonhomologous nucle-
otides before annealing of complemen-
tary ends. These would be expected to 
occur at a markedly slower rate than 
the joining of blunt ends. It is likely that 
one of the other two DNA ligases pres-
ent in mammalian cells (LIG1 or LIG3) 
should be involved. LIG1 is required for 
the joining of Okazaki fragments dur-
ing DNA replication, excision repair, 
and homologous recombination. 
LIG3 functions in base-excision repair 
and single-strand break repair and, 
together with XRCC1 and Poly(ADP-
Ribose) Polymerase, has already been 
implicated in DSB repair as a backup to 
the classical NHEJ pathway (Audebert 
et al., 2004; Wang et al., 2006). An end-
joining pathway that is independent of 
Ku and LIG4, active in S/G2/M phases 
of the cell cycle, is mediated by micro-
homology, and relies on components 
of the homologous recombination and 
mismatch repair machinery has recently 
been identified in fission yeast (Decot-
tignies, 2007). All of these alternative 
pathways might provide a backup for 
XRCC4/LIG4 during the repair of AID-
initiated lesions in CSR. For example, 
LIG3 and the repair machinery for sin-
gle-strand breaks might be recruited 
to single-strand switch regions gener-
ated by endonuclease nicking of the 
DNA backbone and therefore might be 
present when DSBs are created from 
apposing single-strand nicks during 
G1 phase. Switch region nicks might 
occasionally be converted to DSBs as 
a result of DNA replication, and homol-
ogous recombination and LIG1-depen-
dent joining pathways may seal these 
ends. Thus, there may be many mech-
anisms that could hold, process, and 
eventually join two DSB ends together. 
The studies by Alt, de Villartay, and 
Roth and their colleagues pave the way 
for determining the genetic require-
ments for these alternative DNA repair 
pathways and for establishing their role 
in the chromosomal translocations that 
cause cancer.
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